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Vascular systemFrom a structural standpoint, living systems exhibit a hierarchical pattern of organization in which structures
are nested within one another. From a temporal point of view, this type of organization is the outcome of a
‘history’ resulting from a set of developmental steps. Recently, it has been suggested that some auto similarity
prevails at each nested level or time step and a principle of “self-similarity logic” has been proposed to convey
the concept of a multi-level organization in which very similar rules (logic) apply at each level. In this study,
the hypothesis is put forward that such a principle is particularly apparent in many morphological and
developmental aspects of the vascular system. In fact, not only themorphology of the vascular system exhibits
a high degree of geometrical self-similarity, but its remodelling processes also seem to be characterized by the
application of almost the same rules, from the macroscopic to the endothelial cell to the sub-cellular levels,
potentially allowing a unitary description of features such as sprouting and intussusceptive angiogenesis, and
phenotypic differences of endothelial cells. The inﬂuence of the “self-similarity logic” shaping the vascular
system on the organogenesis has been also discussed.).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
The cardiovascular system is the ﬁrst functional organ system to
develop in the vertebrate embryo. In the present note the hypothesis
is put forward that a principle of “self-similarity logic” (see Agnati
et al., 2009) could provide a unitary conceptual scheme to describe
many aspects of the vascular system and of its remodelling processes.
It has to be pointed out that although the term “self-similarity” can
be applied, at least in part, to the vascular system with the speciﬁc
meaning it assumes in mathematics (i.e., as the repetition of a shape
on different levels of complexity), the expression “self-similarity
logic” will be here used in a broader sense to convey the concept of a
multi-level (hierarchical) organization in which very similar rules
(logic) apply at each level (Lorthois and Cassot, 2010). This view is in
agreement with the statement of Russell and Aloy (2008) that a key
concept in biological system design is modularity: nature duplicates
and reuses existing parts and design principles again and again.
This feature has already been exploited to describe the multi-level
organization of circuits in the central nervous system (Agnati et al.,
2008), but, as it will be discussed here, it seems to be particularly
apparent in the vascular system as well.Structure of the vascular system and “self-similarity logic”
Functionally, the vascular system is composed of three compart-
ments (arteries, veins and capillaries) organized in series: blood ﬂow
proceeds from the upstream arteries to the downstream veins
through the capillaries. However, its spatial organization is much
more complex, since it is a three-dimensional ramiﬁed structure
covering a wide range of diameter scales from centimeters at heart
level to tens of micrometers at the capillary compartment (microcir-
culation). Since this structure is organized according to a hierarchical
sequence of bifurcations, it is made up of nested parts that are (and
appear) in some way similar to the whole. Thus, “self-similarity logic”
is a characteristic and important feature of the vascular system
morphology.
From such straightforward evidence, a question emerged about
whether vascular networks could be considered self-similar struc-
tures also in a strict sense, i.e., whether they could be considered
fractals. Fractals are the concern of a geometry, whose primary aim is
to describe objects exhibiting scale-invariance (i.e., composed of parts
that are smaller, exact duplications of the whole object) over an
inﬁnity of length scales (Mandelbrot, 1982). Of course, natural objects
can at best be a quasi-fractal, exhibiting scale-invariance only within
a limited scale range, and many efforts were made to explore the
potential fractal nature of the vascular geometry. In a recent study
(Lorthois and Cassot, 2010) a review of the published results is
provided, together with a newmulti-scale analysis performed on high
resolution image data sets of intra-cortical vascular networks (Cassot
et al., 2006). The work demonstrated that (at least in the brain) the
157D. Guidolin et al. / Developmental Biology 351 (2011) 156–162healthy vascular structures are a superposition of two components: at
low scale a non-fractal “mesh-like” capillary network which become
homogeneous and space-ﬁlling over a cut-off length of the order of
its characteristic length (25–75 μm), and a “tree-like” distribution
network which can be demonstrated to be quasi-fractal (i.e., strictly
auto-similar) for a quite wide range of length scales. It should be
noted that such a view is compatible with the dual function
(distribution and exchange) of the vasculature. In fact, based on
allometric scaling arguments, a volume ﬁlling structure provides the
most efﬁcient way for feeding every cell in the interstitial space,
whereas a fractal distribution network is consistent with the
constraint that the time for supplying resources as well as the length
of distribution pathways should be minimized (West et al., 1999).
It is noteworthy, however, that the previous description is
also compatible with the current knowledge of normal vascular
morphogenesis.
Morphogenesis of the vascular network: Biological aspects
During embryonic life, blood vessels ﬁrst appear as the result of
vasculogenesis, whereas remodelling of the primary vascular plexus
occurs by angiogenesis (Patan, 2000). Vasculogenesis is the formation
of capillaries from endothelial cells which differentiate from groups of
mesodermal cells; the vascular plexus is established before the onset
of heart beat (Risau and Flamme, 1995). Vasculogenesis leads to the
formation of the ﬁrst major intra-embryonic blood vessels and to the
formation of the primary vascular plexus in the yolk sac. Development
of the vascular network of certain endodermal organs, including liver,
lung, pancreas, stomach/intestine and spleen, occurs by vasculogen-
esis (Pardanaud et al., 1999). It has been established that vasculogen-
esis occurs also in postnatal life, leading to the de novo vessel
formation by in situ incorporation, differentiation, migration, and/or
proliferation of bone marrow-derived endothelial precursor cells
(Ribatti et al., 2001).
Several factors are critical for vasculogenesis. The earliest blood
vessels in the embryo originate from mesodermal cells that are
speciﬁed into angioblasts most likely in response to ﬁbroblast growth
factor-2 (FGF-2) and vascular endothelial growth factor (VEGF)
signals. Angioblasts begin to differentiate into endothelial cells and
assemble into tubes, principally as the result of VEGF signals from
surrounding tissues and the expression of intercellular and cell-
matrix adhesion molecules (see Swift and Weinstein, 2009). Endo-
thelial cell tubes are soon stabilized by pericytes recruited from the
surrounding mesenchyme to form early capillaries. In microvessels,
platelet-derived growth factor (PDGF) and transforming growth
factor beta 1 (TGFβ-1) signals are involved in the recruitment of
pericytes. In larger vessels, arterioles and venules, the vascular wall is
made up of endothelial cells and smooth muscle cells, which are
recruited mainly through the Tie-2 and angiopoietin-1 (Ang-1)
receptor-ligand pair, although Neuropilins and Notch pathways are
also involved in mural cell formation (Moyon et al., 2001; Swift and
Weinstein, 2009). Ephrin-B2 and Ephrin-B4 are implicated in arterial
and venous endothelial cell specialization, respectively (Moyon et al.,
2001; Le Noble et al., 2004; Swift and Weinstein, 2009).
The term angiogenesis, applied to the formation of capillaries from
pre-existing vessels, i.e., capillaries and postcapillary venules (Risau,
1997), is based on endothelial sprouting or intussusceptive micro-
vascular growth (IMG) (Djonov et al., 2000). With IMG, the capillary
network increases its complexity and vascular surface by inserting of
a multitude of transcapillary pillars, through four consecutive steps:
i) creation of a zone of contact between opposite capillary walls;
ii) reorganization of the intercellular junctions of the endothelium,
with central perforation of the endothelial bilayer; iii) formation of
an interstitial pillar core; iv) subsequent invasion of the pillar by
cytoplasmic extensions of myoﬁbroblasts and pericytes, and by
collagen ﬁbrils. It is thought that the pillars then increase in diameterand become a capillary mesh (Djonov et al., 2000). Intussusceptive
angiogenesis is characterized by other two phases, namely intussus-
ceptive arborization (IAR) and intussusceptive branching remodelling
(IBR) (Makanya et al., 2009). IAR deﬁnes the process of delineation
and segregation of the new vascular entities, while IBR describes the
process that results in adaptation of the architecture and number of
vascular branches to optimum local requirements.
The majority of vessels of the developing embryo are formed
through angiogenesis. In the brain and kidney, for example, VEGF-A
mRNA is found in the choroid plexus epithelium and periventricular
areas of the brain and glomerular epithelium. VEGF-A may induce the
ingrowth of capillaries from the perineural vascular plexus and
may mediate the induction and/or maintenance of glomerular
fenestrations (Breier et al., 1992). VEGF is able to mediate all the
basic processes of angiogenesis, such as endothelial cell migration,
proliferation, tube formation and vessel branching.
As discussed before, the gross anatomy of the vascular system is
characterized by highly reproducible branching patterns, with major
and secondary branches forming at precisely designed sites and
with organ-speciﬁc vascular patterns. For example, there are ﬁxed
branching sites, branching angles, curvatures and size gradation from
the aorta for arteries supplying the head, internal organs and legs
(Horowitz and Simons, 2008). There are also designated sites for
secondary branches (i.e., intersomitic vessels and main vessels
penetrating different organs), whereas microvessels formed by
angiogenesis are mostly non-stereotyped.
Flow is critical to maintain vessel branches (Djonov et al., 2002).
Experimental changes in blood ﬂow dynamics triggered changes in
branching angles through IBR towards optimality and haemodynamic
forces are critical in reshaping nascent vascular networks and branch
angles to optimize ﬂow, likely via shear stress-dependent release of
angiogenic signals (Djonov et al., 2002). Pruning involves the removal
of supernumerary blood vessels from redundant channels. Blood ﬂow
generally ceases in these excess capillaries, the lumens are obliterated
and the endothelial cells retract toward adjacent capillaries.
Remodelling is known to involve the growth of new vessels and
the regression of other as well as changes in the diameter of vessel
lumen and vascular wall thickness. Some vessels may fuse to form a
larger one, such as fusion of the paired dorsal aortae, or they may
establish new connections like the coronary vessels which connect to
the aorta. It is likely that only a smaller number of embryonic blood
vessels persist into adulthood, with most capillaries of the embryonic
plexus regressing at some time in development.
Thus, the formation of the mature vascular system occurs by
progressive selection of small capillaries from a previous formed
capillary network, so that every large vessel in the hierarchical
branching vasculature was once a vessel of the smallest size (Risau,
1997). This mechanism, being the iterative application of the same
“rule”, makes apparent that “self-similarity logic” could also be
operating during the development of the normal vascular structures.Morphogenesis of the vascular network and “self-similarity logic”
As far as the capillaries are concerned, at least three levels of tissue
organization can be identiﬁed, which are nested within each other.
They are the capillary segments, the endothelial cells composing
them and the sub-cellular structures within the endothelial cells. All
of them are involved in the capillarymeshwork remodelling occurring
during angiogenesis, i.e., the formation of new capillaries from
preexisting vessels.
Endothelial sprouting is a well characterized multi step, highly
orchestrated angiogenic process in which endothelial cells act as
the main actors (Risau, 1997; Ribatti et al., 2009). In fact, it starts
from basement membrane degradation by the action of proteolytic
enzymes secreted by endothelial cells, develops through the main
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form vascular loops and ends with the recruitment of mural cells.
It is interesting to observe that if we consider the capillary segment
(instead of the endothelial cell) as the basic structural unit involved
in the process, the logic of intussusceptive angiogenesis appears
very similar to the one followed by endothelial sprouting. In fact,
it could be possible to describe it as a process of “proliferation”
(IMG), “migration” (IAR) and “self-organization” (IBR) of the capillary
segments instead of the single endothelial cell (Fig. 1).
Thus, “self-similarity logic” seems to emerge also at the level of the
capillary network remodelling, potentially allowing a unitary descrip-
tion of the two angiogenic processes. On the basis of such “self-
similarity logic” principle we could also suggest that the way in which
the system behaves at one of its nested levels of organization sheds
light on the way it can operate at other levels. It follows a brieﬂy
discussion about this point.
At the macroscopic level, for instance, some aspects of heart
development are strictly reminiscent of the intussusceptive pattern of
capillary formation. Both atrial and ventricular septation, indeed,
involve the emergence from the endocardial wall of tissue projections
which grows into the lumen and extend along the longitudinal axis of
the primitive heart. The same basic pattern of heart compartmental-
ization is apparent in the formation of atrio-ventricular septa as well.
This example identiﬁes a common strategy which is used by the
developing cardio-vascular system to generate structural complexity.
In this respect, of particular interest is moving to the opposite end
of tissue organization, i.e., to the ultrastructure of the endothelial
cells forming the capillaries. It is well known that from a morpho-
logical point of view, endothelia exhibit some phenotypic heteroge-
neity, and have been classically deﬁned into three main structural
types: the continuous, fenestrated and discontinuous endothelium.
They mainly differ for the intracellular organization of a speciﬁc set of
intracellular structures/microdomains involved in transendothelial
exchange between the blood plasma and the interstitial ﬂuid (Stan,
2007).
These structures include caveolae, transendothelial channels
(TEC), vesiculo-vacuolar organelles, endothelial pockets and fenes-
trae. The continuous endothelium forming an uninterrupted barrierFig. 1. The “self-similarity logic” principle is recognizable both at the cellular level (endotheli
appears very similar to the one followed by endothelial sprouting, if we consider either end
in the angiogenic process. In fact, it is possible to describe it as a process of “proliferation” (
“self-organization” (intussusceptive branching remodelling) of the capillary segments instebetween the blood and tissues is characterized, for instance, by a large
population of caveolae or plasmalemmal vesicles (Palade, 1953),
extremely few TEC and virtually no fenestrae. On the contrary, the
fenestrated endothelium shows fewer caveolae, but exhibits special-
ized microdomains such as fenestrae, TEC and endothelial pockets
(Simionescu et al., 1974). Despite these variations, however, it has
been shown that there is a general tendency of the vesicle number to
decrease as that of the fenestrae increases (El-Fadaly & Kummer,
2005). This observation might reﬂect a dynamic relationship between
both structures, as indicated by other reports (Chen et al., 2002)
suggesting that endothelial fenestrae in vitro could be formed from
caveolae or caveolae-like vesicles. This view was challenged by the
study by Sörensson et al. (2002) due to the lack of caveolin-1 in the
membrane adjacent to the fenestrae. On the other side, the study by
El-Fadaly & Kummer (2005) provided also evidence that vesicle
stomata and fenestrae share commonmorphological features, such as
a similar size and a diaphragm based on the structural protein PV-1.
Therefore, fenestrae might be formed, at least in part, by caveolin-free
vesicles. Moreover, the plasmalemmal vesicles of the fenestrated
capillaries showed a great tendency to aggregate in chains or clusters
and channels formed of communicating vesicles and vacuoles of
variable dimensions were demonstrated (El-Fadaly & Kummer, 2005).
Thus, the available morphological data altogether suggest that the
same logic described before, based on the production, migration and
self-organization of some basic structural unit (vesicles in this case)
could also be applied to the sub-cellular level. It could account for the
different organization of the structures involved in the transendothe-
lial exchange characterizing the various endothelial cell phenotypes.
A further potential support to the view that a unitary building
logic can be identiﬁed at each hierarchical level of vascular tissue
organization derives from studies on the role of VEGF in regulating all
the above mentioned processes. This growth factor, indeed, is the
main regulator of the endothelial cell activities involved in sprouting
angiogenesis (Olsson et al., 2006). Together with other signalling
molecules it is essential in intussusceptive angiogenesis (Makanya
et al., 2009), and it has been shown to induce signiﬁcant reorgani-
zation of the transendothelial vesiculo-vacuolar system and fenestrae
(Roberts and Palade, 1995).al cells) and vascular level (capillary segment). The logic of intussusceptive angiogenesis
othelial cells (left) or the capillary segment (right) as the basic structural unit involved
intussusceptive microvascular growth), “migration” (intussusceptive arborization) and
ad of the single endothelial cells.
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to be the main hub of a very large network of chemical signals for
the regulation of angiogenesis. They involve numerous “classic”
factors (Ribatti et al., 2002) and an increasing number of “nonclassic”
regulators (Ribatti et al., 2007a,b). Among them aremany endogenous
peptides (Albertin et al., 2010; Guidolin et al., 2008, 2010), whose
angiogenesis regulating action is at least partly mediated by a
modulation of VEGF and FGF-2 systems. Such a large network of
signalling events is organized at the level of the endothelial cells by
the quite complex network of endogenous cell signalling systems
(London et al., 2009). Thus, the logic of generating and organizing
according to the needs of the large number of functional units
(chemical factors in this case) seems to hold also at the molecular
level. The advantage of such a strategy is straightforward. In fact, it
provides the endothelial cells with a sort of “high resolution” picture
of their environment, allowing them to maintain ﬁnely tuned their
activities and phenotypic changes (Bauer et al., 2010).
“Self-similarity logic”: A comparison between nervous and
vascular systems
As recently proposed (Agnati et al., 2004, 2008) the “self-similarity
logic” concept can also be used to describe the multi-level organiza-
tion of circuits in the central nervous system (CNS). Thus, a discussion
of the analogies and of the differences between the two systems could
be useful to better understand if there is a speciﬁc character of the
logic that seems to drive many aspects of the vascular system
structure and remodelling.
The CNS can be described as a huge network, i.e., as a structure
based on elementary processing units (nodes) interacting through
communication pathways (channels). It has been proposed that two
main modes (reviewed in Agnati et al., 2010a) of communication
(wiring transmission and volume transmission) could be distin-
guished in the CNS. The ﬁrst is characterized by a physical “wire”
connecting the nodes of the network (as in the synaptic transmission
between neurons), while the second concerns the three-dimensional
diffusion of signals in the extra cellular space for a distance greater
than the synaptic cleft. Like the vascular system, the architecture of
the CNS extends over a range of up to ﬁve orders of magnitude of
scales: from microns for cell structures at one end, to centimeters
for interareal neuronal connections at the other.
A further structural characteristic the CNS shares with the vascular
system is its hierarchical organization. In particular, it can be viewed
as a complex system of “networks of networks” (Csete and Doyle,
2002) nested within each other. This view has been put forward
already in 1984 by Agnati and Fuxe (1984), who suggested that the
“Russian doll” analogy proposed by Jacob (1970) for living beings,
could be extended to the CNS as a single organ. In particular, it has
been suggested that micro-, meso- and macro-scale levels can be
recognized in the CNS (Varela et al., 2002; Agnati et al., 2004). They
include molecular networks (at the cellular level), cellular networks
(local circuits) and neuronal systems (e.g., the limbic system),
respectively.
Thus, processes driving the dynamics of a network of interacting
elements (Kauffman, 1993; McCulloch and Pitts, 1943; Zoli et al.,
1996) are operating at each level of organization and “self-similarity
logic” emerges as a characteristic functional feature of the CNS. In
particular, it has been recently suggested (Werner, 2009) that the
same principles (derived from the ﬁeld of Critical State Transitions)
could be applied across the different levels of organization to account
for the ﬂux of dynamically emergent macrostate brain conﬁgurations.
From the morphological point of view the CNS appears strictly self-
similar (i.e., a quasi-fractal) at low scale, as shown by studies on the
shape of neuronal and glial elements (Wen et al., 2009; Werner,
2010). As far as the neuronal networks are concerned, the connections
between different cortical areas possess an organization in the formof “small world networks” (Watts and Strogatz, 1998), forming
clusters of nearby cortical areas with short links, which in turn have
long range connections to other clusters (Sporns and Zwi, 2004; Stam
and Reijneveld, 2007). Within clusters, functional magnetic imaging
identiﬁed a network topology of the type called “scale-free” (Eguiluz
et al., 2005). Both these types of network organization display a quite
high level of geometrical self-similarity (Song et al., 2005), suggesting
that the CNS (at least for its neural component) can be considered
self-similar over all its length scales. Thus, the vascular system differs
from the CNS in this structural feature (see above).
The two systems, however, share a high capability of plastic
adjustments and the “self-similarity logic” principle can be a useful
descriptive concept in both cases. In the CNS remodelling processes
occur at all the levels of organization. Changes in connectivity
between neurons can be obtained by establishing new connections
(see, for instance, the neural circuitry responsible for seasonal
breading in several species, Adams et al., 2006) or by reactivating
“silent” synapses when needed (Kerchner and Nicoll, 2008). At the
molecular level the existence of receptor–receptor interactions
(Agnati et al., 2010b) can lead to the assembly of oligomeric receptor
complexes with different properties even if formed by the same type
of monomers. It is noteworthy that a common rule seems to exist at
all levels. It is mainly based on the self-organization of existing
components to form a new complex capable of “emergent” properties.
“Proliferation” (production, generation) of new system components
seems to play a minor role in the remodelling processes occurring
in the CNS. In this respect, the “self-similarity logic” driving the
remodelling of the vascular system appears to signiﬁcantly differ
from that operating in the CNS.
To illustrate the concept, the sprouting phenomenon (occurring in
both systems) can be considered. Sprouting of capillaries involves
the recruitment of many endothelial cells and the production of
specialized endothelial cells called tip cells which extending and
retracting ﬁlopodia deﬁne the direction in which the new vascular
sprout grows. Thus, these cells perform an analogous function to
growth cones of neurons (Gerhardt et al., 2003). The latter, however,
are dynamic, actin-supported extensions of single developing axons.
By using a metaphor originally proposed by Agnati et al. (2009),
the “self-similarity logic” emerging in the CNS remodelling processes
can be illustrated with the term “mosaic” as it is deﬁned in ﬁgurative
art, i.e., as the process of making pictures by inlaying small bits of
coloured stones (tesserae). Thus the term indicates how from a given
set of elements it is possible to achieve different patterns endowed
with different emergent properties. On the other side, to illustrate the
“self-similarity logic” implied in vascular system remodelling, we
could suggest the image of a “swarm” in which a large number of
subjects are recruited (or generated) to migrate and self-organize to
form a new colony almost identical to the original one.
It should be outlined, however, that recent studies have highlight-
ed a close structural and developmental relationship between blood
vessels and nerves (Carmeliet and Tessier-Lavigne, 2005; Eichmann
et al., 2005; Jones and Li, 2007; Larrivée et al., 2009). This association
seems of particular relevance in patterning the peripheral nervous
system. The molecular mechanisms regulating common wiring of
nerves and blood vessels have attracted considerable interest over the
past few years. Some common morphogenic signals and mechanisms
have been recognized that direct formation of either structures.
Indeed, axon-guidance molecules, such as semaphorins, ephrins,
Slits and netrins, function also as angiogenic and vessel-guiding
factors. Angiogenic growth factors, such as VEGF, express neurogenic
potential as well. This assumption may explain why in peripheral
tissues, blood vessels are often aligned with nerves and display
similar branching pattern (Mukouyama et al., 2002). On the one hand,
endothelial cells produce signals, such as endothelin-3, artemin and
neurotrophin 3, that guide axons to track alongside developing
vessels (Honma et al., 2002; Kuruvilla et al., 2004). On the other hand,
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vessels and stimulate endothelial cell surviving. Thus, mutual
guidance in the context of an elegant “self-similarity logic” appears
at work in patterning both vascular and peripheral nerve networks.
The developmental logic of the vascular system
inﬂuences organogenesis
During organogenesis, developing tissues synthesize and release
angiogenic molecules in order to stimulate endothelial cell invasion
and the construction of a vascular network which would supply
sufﬁcient oxygen and essential metabolites to the rapidly growing
tissue cells. Thus, tissue cells are essential for endothelial cell
migration and capillary formation. There is increasing evidence,
however, that blood vessels themselves are crucial for tissue
differentiation and organ formation. Endothelial cells, indeed, provide
instructive regulatory signals to surrounding non-vascular, tissue-
speciﬁc, target cells. Liver and lung development, for instance, are
strictly dependent upon endothelial cell signalling. In the mouse,
generation of the liver bud is accompanied by development of hepatic
vasculature. Experimental data not only indicate that the hepatic
vasculature develops in concert with hepatoblasts but also that
endothelial cells have an integral part in controlling growth of the
hepatic primordium (Matsumoto et al., 2001). The signals provided by
endothelial cells to promote liver bud morphogenesis are currently
unknown but some evidence points to bone morphogenic protein
(BMP)-4 and FGF-8 as potential candidates (Jung et al., 1999; Rossi
et al., 2001). In the developing lung, the close apposition of the
pulmonary vasculature to the respiratory epithelium is temporally
associated with differentiation of the lung tubules into canaliculi and
sacculi, which leads to formation of the functional exchange regions
of the alveolus (Burri, 1984). Indeed, the respiratory epithelium
undergoes progressive thinning by apposition of capillary vessels,
with production of a squamous epithelium lined by large and ﬂat type
I pneumocytes (Burri, 1984). Thus, a unitary, repetitive paradigm,
which follows the basic principle of the “self-similarity logic”, is
apparently at work in the main body districts during organogenesis.
On the one hand, there are tissue-speciﬁc cells which stimulate the
rapid development of a vascular network. On the other hand, the
vascular endothelium is the source of developmental cell signalling
which is crucial for embryo patterning and organ differentiation
(Crivellato et al., 2007). Important events in morphogenesis, such as
liver, pancreas, lung, kidney and bone formation, exploit the same
basic developmental strategy through tissue-endothelial cell cross-
talk. In this respect, the same basic logic is operative not only at
the histological level but also at the molecular level.
The angiogenic molecule VEGF expresses pleiotropic effects
providing both angiogenic and tissue-speciﬁc cues. For instance, the
role of VEGF in regulating lung, bone and kidney morphogenesis is
well established (Gerber et al., 1999a,b; Grellier et al., 2009; Tufro
et al., 1999). VEGF-A is a central growth factor regulating physiolog-
ical and pathological lung formation. Recent studies, indeed, suggest
that the VEGF-A/VEGFR-2 mediates a linkage between the processes
of branching morphogenesis, development of the vascular system,
and morphogenesis of the pulmonary epithelial system (Compernolle
et al., 2002; Gerber et al., 1999a; Ng et al., 2001). Experiments of
targeted deletion of VEGF-A, or VEGFR-2 demonstrate the involve-
ment of this ligand-receptor system in lung morphogenesis. VEGF is
also responsible for orchestrating renal vasculogenesis, glomerulo-
genesis as well as tubulogenesis (Tufro et al., 1999). In kidney organ
culture, the coordinate development of a parenchymal and vascular
renal architecture is dependent upon VEGF availability (Kitamoto
et al., 1997). In neonatal mice, administration of a soluble VEGF
receptor chimeric protein, which results in an almost complete VEGF
inhibition, determines a failure of normal glomerulogenesis (Gerber
et al., 1999a). In mice, homozygous deletion of VEGF speciﬁcallyin podocytes prevents recruitment and maturation of endothelial
cells in the glomerulus. This, in turn, results in abnormal podocyte
and mesangial cell maturation (Eremina and Quaggin, 2004). VEGF
has pleiotropic effects on bone morphogenesis. This cytokine is a key
regulator of i) blood vessel invasion of the epiphyseal growth plate,
ii) remodelling of hypertrophic cartilage, and iii) ossiﬁcation of newly
formed bonematrix by osteoblasts (trabeculae) (Gerber et al., 1999b).
A cross-talk between endothelial cells and bone-forming cells, such
as osteoblasts and osteoprogenitor cells, can be postulated in so far
as osteoblasts and osteoprogenitors produce high levels of VEGF
which promotes angiogenesis and endothelial cell survival. VEGF also
inﬂuences osteogenic cells because it can promote the recruitment of
progenitor cells and their differentiation into osteoblasts possibly by
VEGFR-1 activation (Fiedler et al., 2005; Mayr-Wohlfart et al., 2002).
Mice deﬁcient for VEGFR-1 exhibit decreased bone volume, mineral-
izing surface, and mineral apposition rate, and this is accompanied
by decreased mineralization of bone marrow stromal cells (Otomo
et al., 2007).
The construction of vascular networks exhibits many overlapping
features with the branching morphogenic events leading to the
formation of essential organs, such as the lung, kidney, and most
exocrine glands, which are composed of ramifying networks of epi-
thelial tubes (al-Awqati and Goldberg, 1998; Metzger and Krasnow,
1999; Lu et al., 2006). The programs that direct the formation of
the tree-like branching structures distinctive of these organs exploit
a “self-similarity logic”, which has many points in common with
the combined process of vasculogenesis and angiogenesis. All these
systems make use of signalling pathways which are reiteratively
employed to pattern successive rounds of branching events. It
appears that the initial pattern of signalling is genetically established
in the context of early, more global embryonic patterning systems.
At least for the early branch generations, the patterns are highly
stereotyped. In the further morphogenetic steps, local conditions
intervene that initiate distinctive branching outcomes. Remarkably,
this general scheme for patterning branching morphogenesis utilizes
commonmolecular strategies. Two basic signalling pathways, namely
the VEGF and the FGF signalling pathways, are implicated in the
developmental mechanisms that dictate the structural complexity of
blood vessel tissue networks as well as the branching program
leading to mammalian lung formation (Ghabrial and Krasnow, 2006).
Here, a “self-similarity logic” principle is apparent at the molecular
level. Yet, there are further microscopic and macroscopic levels – we
can say histological and anatomical levels – whereby “self-similarity
logic” is recognizable. Generation of new branches in the bronchial
tree implies the formation of either sprouts or clefts in an existing
branch (Burri, 1984). These patterning schemas are closely evoca-
tive of the mechanisms of vascular sprouting and intussusceptive
vascular growth (deMello et al., 1997). Interestingly, these branching
mechanisms are basically iterative but the rigid plan is also
modiﬁable, giving rise to different types and patterns of branches
(Metzger and Krasnow, 1999). This introduces ﬂexibility and
structural adaptability into a primarily ﬁxed, genetically determined
background. In this way, reproducible patterns are generated
which are tailored to the organ's function. The early phase of lung
development involves the formation of a tree-like ramiﬁcation of
interconnected epithelial tubes, which are successively wrapped
by supporting cell elements forming an additional layer around
the primitive epithelial channels (Burri, 1984; Cardoso, 2001).
This process can be conceptually reconciled with the procedure of
ramifying an early endothelial tube and the successive phase of
stabilization by pericyte and smooth muscle cell apposition. In
addition, there is a consistent relationship between branch generation
and branch diameter in the course of both vascular system formation
and lung development. Thus, pattern dynamics in vascular and
lung generation exhibit common traits that are to be framed into
the theory of “self-similarity logic”.
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Self-similarity, i.e., the repetition of a shape, form or behaviour
on different levels of complexity (not as an identical copy, but as a
variation of the same basic structure) is observed all over the nature
(see Mandelbrot, 1982) and may be one of the key principles that
shape the world. In particular, as suggested by Jacob (1970), the
structural organization of living organism exhibits a hierarchical
pattern, in which (like a Russian Matryoshka Doll) smaller levels
of structural organization are buried within larger ones.
The time dimension represents another important aspect. In fact,
all biological structures are the outcome of a ‘history’, whose steps
represent the developmental process each structure underwent. It has
been proposed (Agnati et al., 2009) that some auto similarity prevails
at each nested level or time step, meaning that similar rules and
strategies are followed, whatever the degree of miniaturization or
the developmental stage is concerned.
Thus, a “self-similarity logic” principle has been introduced as a
conceptual tool to investigate aspects of the above-mentioned spatio-
temporal relationships which occur in a living system. Such a
principle can be considered as a new formulation of the old dictum
by Carl von Linnè “Natura non facit saltus” (1751), which can be
paraphrased with “Naturae logica non facit saltus” (see Agnati et al.,
2009) to indicate that almost the same rules hold at any level of a
biological structure organization. This speciﬁc perspective was used in
the present paper to analyze the vascular system, allowing a unitary
description of several morphological and developmental features.
From a morphological point of view the self-similarity of the vascular
system is straightforward, being the result of a hierarchical sequence
of bifurcations, leading to a structure which can also be considered
strictly self-similar (i.e., a quasi fractal), at least on a quite large
interval of scales (Lorthois and Cassot, 2010). Of greatest interest,
however, is the possibility that also the processes of vascular
remodelling could follow strategies consistent with a “self-similarity
logic” in which the same rules are applied at each level of tissue
organization. Such logic seems characterized by the triad production/
migration/self-organization of some basic structural component.
Thus, both sprouting and intussusceptive angiogenesis could be
interpreted as the same basic mechanism at two different levels of
tissue organization, involving as structural elements endothelial
cells and capillary segments respectively (Fig. 1). It is noteworthy
that the same logic could be operating also at the sub-cellular level,
where processes of production/migration/self-organization of vesicles
could lead to different endothelial phenotypes (El-Fadaly & Kummer,
2005), or at the molecular level, where a very large set of factors self-
organizes to ﬁnely tune endothelial cell activity and vascular
remodelling (Ribatti et al., 2007a,b).
The “self-similarity logic” apparent in the vascular system shows
similarities, but also peculiar characteristics with respect to the
one proposed for other organ systems, as, for instance, the nervous
systems. In fact, in the logic underlying CNS remodelling (Agnati et al.,
2004, 2008) proliferation of new components plays a minor part
when compared to the vascular system. Interesting similarities, how-
ever, can be observed when the peripheral nervous system is con-
cerned (Carmeliet and Tessier-Lavigne, 2005). Of particular interest is
the observation that mutual guidance appears at work in patterning
both vascular and nerve networks. This feature seems to hold more
in general. In fact, blood vessels may also act as signalling centres to
help organizing particular organs during embryogenesis. Indeed,
disruption of blood vessel architecture by altering the expression of
vasculogenic and angiogenic molecules often results in a parallel
disruption of speciﬁc tissue types as consequence of loss of endo-
thelial cell signalling. The emerging scenario is that of a general
developmental model whereby cross-talk between endothelial
cells and tissue cells would be responsible for a series of sequential
inductive and differentiating events.In conclusion, evidence exists suggesting that the vascular system
development and remodelling could be driven by a logic based on
“self-similarity”, which, in turn, could also inﬂuence the architecture
of other organ systems due to their relationship with developing
vessels during embryogenesis. However, it has also to be kept in mind
that in addressing the vascular systemwe handle with a very complex
system. The processes of vasculogenesis and angiogenesis are
stochastic, dependent of many factors, such as metabolic demands,
haemodynamic forces, and genetic background, and lead to vessel
networks growing in three dimensions. Thus, more evidence is likely
needed to fully support the “self-similarity logic” as a key shaping
principle at the level of the vascular system, and to fully characterize
its features. Nevertheless, this perspective seems to represent a
powerful conceptual framework to provide a unifying view of
many presently known aspects of the vascular system structure
and development and to stimulate new investigations.
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